aff ects the amount of toxin produced in a transgenic Bt cotton cultivar (Sachs et al., 1998) , for example. Understanding how transgenes interact with native genes is an important step toward predicting how a transgene will perform in a given genetic background. In addition, it may be possible to capitalize on known epistatic interactions to regulate transgene expression in desired ways.
Reporter genes are used extensively in biological research to facilitate imaging (reviewed in Kang and Chung, 2008) . In cases where transgenic reporter genes are used to study gene expression, the assumption is often made that a transgene will exhibit gene expression patterns similar to those of a native gene on which the transgene is based. This would require the epistatic interactions of the gene under investigation to be similar to those of the transgenic reporter gene. While a large body of evidence supports this assumption indirectly, direct tests of this assumption are rare.
Seed storage protein gene promoters have been used extensively to confer high-level seed tissue-specifi c expression to transgenes (Russell and Fromm, 1997; Wu et al., 1998) . Furthermore, regulation of expression of seed storage protein genes is well understood due in part to the study of naturally occurring mutations that alter seed storage protein expression. For example, the opaque2 mutation of maize is characterized by soft, fl oury endosperm that causes the kernel to appear opaque rather than translucent when placed on a light box. One eff ect of this mutation is to decrease the level of 19 and 22 kDa α zein seed storage proteins in the kernel (Kodrzycki et al., 1989; Langridge et al., 1982) . The opaque2 gene encodes a bZip transcription factor that binds to a 22 kDa α zein gene promoter, thereby having a direct impact on gene expression (Hartings et al., 1989; Schmidt et al., 1990) . The bZip transcription factor has not been found to bind to 19 kDa α zein promoters (Schmidt et al., 1990) suggesting that the opaque2 mutation has an indirect impact on this gene family. Surprisingly, it has been reported that the opaque2 mutation does not impact the levels of the other zein proteins (Kodrzycki et al., 1989) . Thus, the opaque2 mutation exhibits epistatic interactions with some native zein genes and off ers an opportunity to study the regulation of transgenes carrying zein promoters.
The objective of this project was to determine if the maize opaque2 mutation exhibits epistatic interactions with two green fl uorescent protein (GFP) transgenes containing diff erent zein promoters. The transgenes used in this study express GFP using either a 27 kDa α or a 19 kDa α zein promoter (Shepherd et al., 2008) . These promoters are of interest because the native zein genes from which they are derived are reported to be impacted diff erently by the opaque2 mutation. The 19 and 22 kDa zeins have been reported to decrease while the 27 kDa zeins have been reported to be unaltered by the opaque2 mutation (Kodrzycki et al., 1989; Hunter et al., 2002) . We examined the eff ect of the opaque2 mutation on expression of these two transgenes by comparing fl uorescence in kernels with the wild-type and mutant alleles of opaque2.
MATERIALS AND METHODS
Maize plants were grown in the Iowa State University transgenic maize nursery on the Woodruff -Bennett farm near Ames, IA, under approved Animal and Plant Health Inspection Service (APHIS) notifi cations. Four ears segregating for both the opaque2 mutation and either the 19zn-GFP transgene having a 19 kDa zein promoter (two ears) or the 27zn-GFP transgene having a 27 kDa zein promoter (two ears) were produced by self-pollination of plants that were heterozygous at the opaque2 locus and hemizygous at the transgene locus. Plants that were heterozygous at the opaque2 locus and hemizygous at the transgene locus were produced by crossing a plant produced from an opaque kernel (opaque2/ opaque2) by a plant produced from a GFP-expressing kernel (GFP/-) and selecting a GFP-expressing kernel for planting. The ears were shelled and kernels were separated based on the opaque or translucent phenotype using a light box. Individual kernels were not prescreened for fl uorescence.
Fluorescence was measured using 48 translucent and 48 opaque individual kernels that were randomly selected from each of the four ears and individually ground using a tungsten-carbide ball bearing in a Talboys HT Homogenizer (Troemner, Thorofare, NJ). Twenty-fi ve milligrams of fl our from each kernel was extracted with 250 μL of 30 mmol Tris-HCl, 10 mmol ethylenediaminetetraacetic acid (EDTA), 10 mmol NaCl, and 5 mmol dithiothreitol for 1 hr. After centrifugation at 10,000 × g for 10 min, supernatants were randomized and placed into a black 96-well plate. Extracted GFP was quantifi ed using a spectrofl uorimeter (Tecan, Mannedorf, Switzerland) using an excitation wavelength of 485 nm and an emission wavelength of 535 nm with a gain of 70 using nine fl ashes per sample and an integration time of 40 μs. The mean of the 48 translucent kernels was compared to the mean of the 48 opaque kernels for each of the four ears using a Student's t test.
Zein composition of each ear was analyzed on two massbased bulks of ground grain from 48 kernels with one bulk made from translucent kernels and the other made from opaque kernels. Zeins were extracted from 10 mg of each bulk using 400 μL of 70% ethanol containing 61 mmol NaOAc and 5% α-mercaptoethanol, incubated while shaking for 1 h, and centrifuged at 13,000 rpm for 10 min. Each sample was separated by high performance liquid chromatography (HPLC) using an injection volume of 25 μL, a fl ow rate of 1 mL min -1 on a Vydac C18 column (Grace Davison Discovery Sciences, Deerfi eld, IL) as described previously (Bietz, 1983) . The eluent was monitored by HPLC ultraviolet absorbance at 200 nm and the areas under the peaks of the resulting chromatograms were determined. Three opaque and three translucent subsamples were analyzed from each ear, and the means of these three subsamples were compared using a Student's t test.
RESULTS AND DISCUSSION
To identify epistatic interactions between the opaque2 mutation and two transgenes based on zein promoters, we crossed plants containing either the 19zn-GFP or the 27zn-GFP transgene to plants with the genotype opaque2/opaque2. The F 1 progeny from these crosses were translucent kernels that were transgene, one half would be hemizygous at the transgene locus, and one fourth would be expected to be homozygous at the transgene locus. Factors that alter the segregation ratios diff erentially between the phenotypic classes would interfere with our analysis by changing the ratio of transgenic to nontransgenic kernels in each phenotypic class. For example, genetic linkage of the opaque2 and transgene loci would result in underrepresentation of the transgene in the opaque pool, with a concomitant overrepresentation of the transgene in the translucent pool because the transgene and the mutant opaque2 allele would be linked in repulsion. This could explain the observed results. It is unlikely that all three transformation events examined resulted in linkage of the transgene to the opaque2 locus. Thus, our data support the conclusion that there is epistasis between the transgene loci and the opaque2 locus. Similarly, diff erential pollen transmission of the transgene between opaque and translucent kernels could result in a similar underrepresentation of the transgene in the opaque pool. While transgenes have been observed to exhibit abnormal pollen transmission , it is unlikely that the degree of pollen transmission would be altered by opaque2, a mutation that primarily eff ects seed phenotypes.
The observation that expression of the transgene construct based on the 27 kDa α zein promoter was reduced in opaque seeds was somewhat surprising because levels of the 27 kDa α zein have been reported to be unchanged in an opaque2 mutant background (Kodrzycki et al., 1989; Hunter et al., 2002) . The eff ect of opaque2 on gene expression is complex and dependant on the genetic background ( Jia et al., 2007; Paez et al., 1969; Gentinetta, 1975) , so we examined the kernels to determine if levels of the native 27 kDa α zein gene were altered in the ears used in this study. Both the α and 27 kDa α zein proteins were reduced in the opaque kernels relative to the translucent kernels of all ears used in this study ( Fig. 1; Table 3 ).
The two transgenes in this study exhibited expression patterns similar to the native genes on which the transgene promoters were based. In mature kernels, GFP was strongly expressed in endosperm tissue and was only weakly detectable fl uorescent, verifying earlier observations that expression of neither transgene causes an opaque phenotype. Presumably, these plants were hemizygous at the transgene locus and heterozygous at the opaque2 locus. These seeds were planted and the resulting plants were self-pollinated to produce F 2 ears. These ears segregated with phenotypic ratios that were not statistically diff erent than three translucent kernels: one opaque kernel, as expected for the opaque2 locus (data not shown). Visually, a range of fl uorescence was observed on these ears. We selected one ear from each of two diff erent plants for each transgene for further analysis. The two ears that contained transgene 19zn-GFP were from two diff erent transformation events while the two ears that contained transgene 27zn-GFP were derived from the same transformation event (Table 1) . Diff erences in the pedigrees of the ears used in the study also resulted in diff erences in the predicted genome compositions as described in Table 1 . However, all of the lines in these pedigrees are derived from Iowa Stiff Stalk Synthetic except A188 and B45. Thus, one ear containing each can be considered to be in the Stiff Stalk heterotic group and one ear containing each construct is a hybrid between Stiff Stalk and the non-stiff stalk inbred line B45.
We measured fl uorescence levels in extracts from 48 opaque kernels and 48 translucent kernels from each ear. The kernels were selected randomly from within each class (opaque or translucent). The mean fl uorescence value of the opaque kernels from each ear was compared to the mean fl uorescence values of the translucent kernels from the same ear, resulting in four comparisons. In all four comparisons, the mean fl uorescence of the translucent kernels was signifi cantly higher than the mean fl uorescence of the opaque kernels (Table 2) , suggesting an epistatic interaction occurs between both the 19 kDa zein-GFP and the 27 kDa zein-GFP transgenes and the opaque2 gene. The ratio of fl uorescence in translucent kernels to opaque kernels varied among the ears from 1.8 to 5.9. Most of this variation is due to the diff erent eff ect of the opaque2 mutation on the 19 kDa and the 27 kDa zein promoters. The 19 kDa promoter is more strongly downregulated in the mutant than the 27 kDa zein promoter.
If the transgenes exhibited normal Mendelian inheritance, about one fourth of the kernels in each phenotypic class (translucent or opaque) would not have inherited the (27 kDa promoter construct) or not detectable (19 kDaA promoter construct) in embryo (Shepherd et al., 2008) . In addition to their well-characterized endosperm activity, zein promoters have recently been shown to have activity in aleurone cells (Reyes et al., 2011) . Since we ground whole kernels, the vast majority of the observed fl uorescence was from endosperm tissue, but a small amount of fl uorescence may have been derived from aleurone or embryo tissue. If opaque2 had diff erent tissue specifi city than the transgenes, this would complicate interpretation of these data. Examination of the tissue specifi city of opaque2 transcript accumulation (Sekhon et al., 2011) reveals a pattern of expression very similar to that of our transgenes, with high expression in endosperm, low expression in embryo, and expression in pericarp that may be attributable to aleurone expression. Since the tissue specifi city of expression of both the transgene and opaque2 are similar, the bias introduced by grinding whole kernels was small.
Many factors may infl uence the interaction of transgenes with native genes. We examined two transformation events from one construct and one event from the other, and this is not a suffi cient number of events to rule out the possibility that interactions between transgenes and native genes vary by event. In fact, we observed variation in the degree of epistasis among the events studied. Similarly, such interactions may vary by genetic background (we tested two for each transgene) or the environment. It seems likely that the genomic context of a transgene would infl uence the regulation of its expression, but the scope of this study was not broad enough to estimate the frequency of unexpected expression patterns. The observation that at least some interactions between transgenes and native genes are predictable illustrates the potential for knowledge-based manipulation of biological traits using genetic engineering methods and provides an opportunity to reduce the risk of unintended consequences of transgene expression. chromatogram showing a reduction in both α and γ zein levels in opaque maize kernels compared to translucent maize kernels. Each trace is the average of three HPLC runs using ear 9148-03, which showed the smallest reduction in zein levels compared to other ears. 
